The science of light and colour manipulation continues to generate interest across a range of disciplines, from mainstream biology, across multiple physics-based fields, to optical engineering. Furthermore, the study of light production and manipulation is of significant value to a variety of industrial processes and commercial products. Among the several key methods by which colour is produced in the biological world, this review sets out to describe, in some detail, the specifics of the method involving photonics in animal and plant systems; namely, the mechanism commonly referred to as structural colour generation. Not only has this theme been a very rapidly growing area of physics-based interest, but also it is increasingly clear that the biological world is filled with highly evolved structural designs by which light and colour strongly influence behaviours and ecological functions.
Introduction
Colour production in biological systems may be divided into two principle categories: the first is usually associated with chemical processes such as absorption and luminescence; the second relates entirely to coherent scattering processes that underpin the interaction of light with materials that have periodic variations in refractive index.
Pigmentation is the most common biological means of colour production and is the consequence of the wavelength-selective absorption of light by chromophores, the name given to colour-producing molecules [1] . If white light is incident upon a pigment, the resulting scattered light will have some proportion of the light subtracted from the incident spectrum. The molecular structure of a pigment determines the wavelength band over which it absorbs strongly. Pigmentary colour of a biological species is usually synthesised by their physiological processes, although some animals obtain these absorbing molecules through their diet [2] . Pigments that are synthesised by many insects include melanins, pterins, ommochromes, tetrapyrroles, papiliochromes and quinomes, while carotenoid and flavonoid pigments are generally obtained from their diet [2] . Colours produced using pigments are often relatively broadband and cause relatively low-intensity diffuse angle-independent hues.
Modified chromophore chemistry leads to the inelastic scattering processes that give rise to fluorescent colour emission. The common fluorophore-based emissions observed in biological systems usually comprise near-UV absorption with many examples of emission in the blue and green colour wavelengths. Use of fluorescence emission for signalling has been observed in many animals including parrots, spiders and stomatopods [3] [4] [5] , whilst the directional control of fluorescence emission by photonic crystals has been studied in Swallowtail butterflies [6] .
Chemiluminescence is a less common process for colour production, in which light emission arises from a chemical reaction. In biological systems this process is called bioluminescence [1, 2] , a well known example of which is the firefly, a species of the Lampyridae beetle family [7] . These light emitting chemical processes are seen in a broad range of organisms, including fungi, bacteria, fly larve, millipedes and earthworms [8] , and many deep sea marine animals [9] .
The non-pigment-based pathway to colour production is described in terms of structural colour. This phrase is used to describe the wavelength-selective scattering that arises from the interaction of light with structures that have physical dimensions on the order of the wavelength of light. Coherent scattering produces the vivid optical effects attributed to these structures. The characteristics of this in biological systems can be: intense reflected narrow-band or broad-band colour [10, 11] , metallic appearances [12] , angle-dependent (iridescent) appearances [13, 14] , directional colour variation [15] , low-reflective absorbing [16] or transparent systems [17] , and strong polarisation signatures [18] .
In this review, we discuss aspects of the fundamental optical processes used in biological systems that have evolved for structural colour production. In addition to describing the existence of structural colour systems across a range of different animal and plant phyla, we will particularly describe coherent optical scattering associated with the scales of the insect order of Lepidoptera.
As a vehicle for this we present a brief overview of photonic crystals and demonstrate the associated coherent scattering principles using the example of a onedimensional layered structure. We describe the existence of more complex photonic structures in a range of biological phyla, and go on to describe the photonic features associated with the general design of lepidopteran scales. We then present a summary of a range of investigations that have focused specifically on Morpho butterfly species. Finally we briefly review the growing field of bioinspired research to which Morpho photonics has contributed.
Historical perspective
Some of the earliest scientific investigations into the science of structural colour phenomena were made by Hooke and Newton. In his 1665 microscope study Micrographia, Hooke remarked on "All the colours of the Rainbow" produced by cleaving seemingly colourless muscoy glass [19] . Hooke suggested that the iridescent colour of a Peacock feather may be due to an "indefinite number of plain and smooth Plates, heaped up, or incumbent on each other" [19] . Newton also studied the iridescence of Peacock feathers and remarked that a "great variety of colours" are produced when blowing upon a soapy liquid [20] .
The early 20th century saw more thorough investigations by Mason, Onslow, Rayleigh and others. Their studies of the colours of bird feathers, butterfly wingscales and beetle elytra elucidated some of the role played in colour production by structures comprising multiple reflecting layers [21] [22] [23] [24] [25] [26] [27] . The different visual appearances of many biological systems were attributed to different specific physical phenomena, namely diffraction, interference and scattering by small particles [28] .
The invention, and development, of the electron microscope (EM) in the 1930s and 1940s enabled the investigation of biological and synthetic features having microscale dimensions. The first EM studies reported on the colour-producing structures found within bird feathers, and within the scales of butterflies and beetles [29, 30] . Although limited in the image quality and resolution they offered, elaborate multilayer structures with features smaller than the wavelength of light were identified [31] .
One of the first mathematical treatments of the optical properties of films was undertaken by Rayleigh in 1887 [32] . Later, Abelès, in 1949, published a rigorous and useful method to obtain the reflection and transmission of thin films [33] . In 1968, intended for an audience of those interested in biological reflectors, Huxley published a recursive method for calculating the reflection and transmission of regularly spaced non-absorbing multilayer films [34] . His discussion emphasised the optical effects relating to layer thicknesses, wave phase and amplitude. In 1972, Land elucidated Huxley's results in the context of the coloured appearance of many biological systems, describing the structure, function and constituent materials of the optical systems present in a wide variety of animals [35] .
Ghiradella et al., in 1972, described the bright ultraviolet reflection from a male Eurema lisa butterfly, demonstrating that its structural (UV) colour was derived from a very unusual microstructure that appears tree-like in cross-section. Optical measurements combined with electron micrographs revealed the branches of these tree-like 3D ridges formed multilayer reflecting lamellae that were responsible for its UV-iridescent colour appearance [36] . This was one of the key early examples of a structurally coloured insect system featuring a photonic structure that was rather distinct from the more regular 1D semi-infinite multilayered structures theoretically described by Huxley. Two later studies examining Callophrys butterflies in the 1970s, described the diffraction of light from 3D simplecubic networks of ordered porous elements. These were among the earliest studies of highly ordered biological three-dimensional photonic crystals [37, 38] .
Modern research into the optics of biological systems has undergone a great deal of change. Plants and animals are not only being investigated to elicit better understanding of their evolutionary, developmental and biological functions; multidisciplinary research into all aspects of such natural systems is extremely active. Greater emphasis is now placed not only on understanding how these structures manipulate light, but also how technology might learn from or incorporate such complex structures into devices or processes.
Principles of coherent scattering

Photonic crystals
In the late 1980s the modern field of photonic crystals was born, principally following the works of John and of Yablonovitch [39, 40] . These developed the analogy between electrons propagating through solid matter with a periodic potential and photons propagating through a periodic dielectric structure. A photonic crystal, therefore, is a structure with a periodically changing dielectric constant that influences the propagation of electromagnetic radiation. By arranging periodically varying refractive indices in one, two or in all three spatial directions, opportunities arise to bend, slow and tailor the propagation of light [41] . Biological systems contain many different examples of photonic crystals with refractive index periodicities [35, 42, 43] . They not only exist in plain 1D geometries, such as with more simple multilayer systems, but are also found in 2D and 3D arrangements. Such structural designs, and the light and colour to which they give rise, often confer specific visual appearances that underpin particular biological functions.
The theory of photonic crystals is described extensively elsewhere [44] . It is nonetheless useful here, however, to outline the physical consequences of light incident on a 1D photonic crystal, especially in relation to the more traditional treatment of multilayer reflection. To this end, consider the propagation of light in an homogeneous non-periodic medium. By using the reduced Brillouin zone (BZ) representation for this system [45] its dispersion diagram can be simplified to a series of photonic bands, with one band originating from each BZ (see Figure 1A ).
If this medium is replaced with a structure comprising periodically changing refractive indices, for instance a 1D system comprising high and low refractive index layers, the original reduced BZ band diagram is distinctly modified. Light incident with a wavelength satisfying the resonant conditions of the system, as dictated by the periodicity and refractive indices of the layers, creates standing waves at two different energies. Their presence results in a region in which electromagnetic radiation incident on the 1D photonic crystal is forbidden from propagating, since the group velocity at the band edge is zero. This region, shown in Figure 1B , is referred to as a photonic band gap (PBG), the size of which is strongly influenced by the constituent refractive indices of the photonic crystal.
Thin film interference
The most common form of PBG structure in biological systems is the 1D periodicity associated with multilayers. It is found widely in the integument and scales of many insects [35, 42, 43] and fish [46] [47] [48] . The photonic band structure relating to simple 1D multilayers can be considered using basic ideas of interference. To illustrate this consider the thin film, shown in Figure 2A media refractive indices are n 1, and n 3 , respectively. Light that enters the film at an angle of θ 2 undergoes a reflection from the top and bottom interface. The optical path difference (OPD) between these two reflections is 2dn 2 cos θ 2 . For constructive interference to occur these reflections should be in phase. The conditions for this are given by:
where m is an integer [49] .
To describe wavelength-dependent reflection more accurately, however, the multiple reflections that occur within the film must be considered [50] . The sum of all reflected ray amplitudes is 
+ =
The total reflectance can be calculated using R = |r| 2 . This can be used to predict the colour reflection of simple structurally coloured systems. As an example, Figure 2B uses this method to illustrate the thickness-dependence of reflectance from a single soap bubble film. Using a CIE colour chart [51] , which represents the colour perception associated with human vision, the black line in Figure 2C maps the resulting perceived change in colour appearance of this soap bubble film reflection as film thickness changes.
Multilayer interference
The most common method for the production of vivid, metallic colours in biological systems is achieved with multiple thin films, or multilayer systems. Here, peak reflectance can be determined using the same geometric considerations as were made for single thin films. 
Figure 2 (A)
Schematic of interference in a thin dielectric film of thickness d and RI = n 2 , (B) reflectance map for a thin dielectric film (representing a soap bubble film) with n 1 = n 3 = 1.00 and n 2 = 1.33 for film thicknesses ranging from 400 nm to 700 nm, the colourscale axis represents reflected intensity (indicated in the labelled colour scale bar). (C) CIE colour map, with a CIE-coordinate trace for the film modelled in (B) at normal incidence; black arrowed line represents the way in which normal incidence reflection changes with increase in film thickness, from 400 nm to 700 nm. (Inset: photograph of a typical colour reflection from a soap bubble).
Consider multilayers comprising pairs of thin films; layer 1 has RI equal to n 1 and thickness d 1 ; layer 2 has RI n 2 , and thicknesses d 2. Light is incident at an angle θ 0 from a medium with RI n 0 . The condition for constructive interference is now
where m is an integer. When the optical thickness of both layers is equal, the system is referred to as an ideal multilayer [35] , and for normal incidence the interference condition reduces to
Ideal multilayers are a special case, however. Although they are found in some biological examples, such as some fish species' scales [46] , the majority of biological multilayers are non-ideal. In these systems the optical thicknesses of layers in each medium can be subject to considerable variability from the ideal multilayer condition, while still exhibiting iridescent colour appearances [52] . A full consideration of wavelength-dependent, polarisation-dependent and angle-dependent reflectance from multilayer systems is commonly performed using transfer matrix methods [50, 53] , recursion techniques [54] or iterative approaches [34, 55] .
Factors affecting reflectance in biological systems
Several important variables contribute to the reflection from 1D photonic crystals, or multilayers. In biological systems, these variables can be set or controlled by the animal's or plant's morphology, behaviour or local ecology. The optical effect of, for instance, the number of layers or extent of optical absorption in a system, can be very dramatic, making the difference between a highly reflective and conspicuous insect, or one that is dull and inconspicuous.
Effect of number of layers
The reflectance from a theoretical ideal multilayer, modelled with peak reflectance at 500 nm, is shown in Figure 3A for 3, 9 and 27 layers, and in Figure 3B for much higher layer numbers. The reflectance shows characteristic multilayer spectral features, with a maximum in Figure 3 (A) Normal incidence reflectance of an ideal multilayer for 3, 9 and 27 layers, and (B) a reflectance map showing the theoretical variation of normal incidence reflectance with increasing layer number, the colour-scale axis represents reflected intensity (indicated in the labelled colour scale bar). Reflectance was calculated for a multilayer with λ peak = 500 nm, n 1 = 1.40 and n 2 = 1.00.
reflectance at the peak wavelength and a series of side band minima and maxima. Using iterative methods, the peak reflectance for an ideal multilayer at normal incidence comprising alternating high RI (n high ) and low RI (n low ) layers, becomes [55] :
where s denotes the number of high and low RI layer pairs in the system of 2s+1 layers, and the RI of the incident and exit media are denoted by n inc and n out , respectively. As layer number increases, this reduces to
and the peak reflectance rapidly approaches unity. The region of 100% reflectance is the photonic band gap (PBG) described earlier. Figure 3B shows that, with increasing layer number, the peak reflectance increases until it approaches that of a multilayer of infinite layers. The spectral width of a 1D multilayer's PGB is governed by the constituent RIs of the layers [41] . Most structurally coloured biological species have evolved a relatively limited number of layers in their reflecting systems. This is the result of a balance between the relative cost and benefit of layer number with respect to the functions for which each system has evolved. Examples in which biological multilayering comprises 20 layers or more do exist but are rather uncommon [10] . Many examples exist in which fewer than 20 layers are found [52, [56] [57] [58] [59] . Species with high layer number tend to display much more intense colour reflections, and if the layers are relatively well aligned, this appears as a metallic-looking reflection due to the specular nature of the bright reflection [60, 61] .
Angle-dependence of reflection
The phenomenon of iridescence, namely the change of hue with viewing angle, is a common hallmark of colour produced by periodic structure. Generally, a reflectance maximum will shift to shorter wavelength at larger angles, a property that can be understood using momentum considerations. Light incident normally, that satisfies the resonance condition, has wavevector k 0 = k z . Light incident at some angle, θ, ( Figure 4A ) will have wavevector k 0 = k x +k z . To retain the resonant condition, k z must remain constant, leading to a required increase in k 0 . Figure 4B shows the characteristic iridescent reflectance of unpolarised light for a typical ideal multilayer.
In addition to spectral position, the intensity of the peak reflectance band changes with incident angle. For unpolarised light with increasing angle, the reflected intensity decreases to a minimum at the Brewster angle [62] . Beyond this, reflectance increases rapidly. The hierarchical and multi-component nature of biological reflectors often prevents clear discrimination of Brewster reflection features. Some biological examples of Brewster reflection, where multilayer structures are relatively flat and uniform across an area larger than the incident beam spot size, have been described [58, 61] . Certain fish species employ the natural birefringence of their constituent guanine material to inhibit the Brewster effect, and neutralise the associated polarised reflection feature [48] . The iridescent, or angle-dependent colour reflection property ascribed to multilayers is inhibited in some animal species: for instance insects with multilayer structures often display bright structural colour that does not change hue with angle. To achieve this they exploit the addition of reflected colour from spatially juxtaposed pointillistic colour-centres to achieve angle independent reflection [63, 64] .
Effect of refractive index contrast
The contrast between the high RI, n high , and low RI, n low , causes a pronounced effect on the reflectance. Figure 5 shows the dependence of normal incidence unpolarised reflection on increasing RI contrast, (n' = n high /n low ) for an ideal 1D 20-layered system using a fixed n low = 1. In the absence of absorption as the index contrast increases, both intensity and width of the reflected band increase. For this arrangement, 100% reflectance is achieved when n' = 1.54.
The dependence of reflected intensity on n' is a constraining factor for biological systems due to the limited Figure 6 The effect on reflectance at normal incidence of absorption coefficient (k) for an ideal multilayer with λ peak = 500 nm. (The imaginary component of the RI in the high and low layers is denoted by k h and k l , respectively). Amorphous silica n h = 1.46 [68] , n l = 1.33 (water) Crustacea Carbonates n o = 1.50 and n e = 1.70 [69] , n l = 1.33 (water) Bacteria Peptidoglycan n h = 1.40 [70] , n l = 1.33 (water)
High and low RI values are denoted by n h and n l respectively. In systems exhibiting birefringence, the ordinary and extraordinary RIs are denoted as n o and n e , respectively.
Figure 5
Reflectance map showing the theoretical dependence of normal incidence reflectance on refractive index contrast for a system comprising a 20-layer ideal multilayer, using fixed values λ peak = 500 nm and n low = 1.00, the colour-scale axis represents reflected intensity (indicated in the labelled colour scale bar).
range of materials that are naturally available to animals and plants. While, in technology, photonic systems may be designed and fabricated using a range of high-index materials, including metals and semiconductors, biological processes are limited largely to the use of simple dielectric materials. These rarely have RI values in excess of approximately 1.8, and the systems rarely have RI contrasts in excess of approximately 1.56. The RIs of some common materials found in previously studied bio-optical systems are shown in Table 1 . The materials from which structurally coloured biological systems are fabricated clearly do not prevent the manipulation of light, for instance in the creation of bright coloured reflections. They do, however, limit the extent to which a complete PBG can be established by the structures they form [41] .
RI dispersion in several bio-optical materials has been measured experimentally [59, 66, 71] .
Effect of optical absorption
Optical absorption in a dielectric medium attenuates light propagating through it according to the Beer-Lambert Law [49] . The absorption-related changes observed in the spectral response of a multilayer depend on whether the absorption is present in the high or low RI layers. When absorption is present in the high RI layers there is a large attenuation of the high-wavelength band-edge, as shown in Figure 6 . The opposite is true when absorption is present in the low RI layers. The location-dependent presence of optical absorption therefore, not only can reduce overall reflected intensity, but it also can shape the spectral response.
The high RI layers in biological systems usually contain light-absorbing pigments. Whilst the real component of RI of many bio-optical tissues have been well characterised, the imaginary component quantifying the absorption is less well known. Melanin is a common absorbing pigment present in insect cuticle, and has very wide spectral absorbance due to its molecular conjugation [72] .
A broadband absorbing pigment, such as melanin, has biological application in photoreceptor shielding, thermoregulation, photoprotection, camouflage, and mechanical strength [72] . It can also be exploited to enhance aspects of colour reflection, for instance in the damselfly Neurobasis chinensis, which employs an absorbing layer of melanin below the multilayer reflector as a mechanism to enhance reflected colour saturation [57] . This approach is adopted to varying degrees by a great many animal species [43] . In some species, the absence of melanin in or under a reflecting system desaturates the reflected colour so much that the surface region appears white [73] .
One of the first measurements of the complex refractive index of insect cuticle in Morpho butterflies found n* = (1.56 ± 0.01)+i(0.06 ± 0.01) using a fluid immersion technique [60] . Further studies have characterised the wavelength dependence, and concentration-related effects of melanin in biological materials [59, 66] .
Biological photonic crystals in 2D and 3D
Photonic crystals with 2D and 3D periodicities exist across a range of animal and plant families. Many studies have shown different photonic crystal arrangements, use-strategies and optimisation protocols so that the host system can achieve a specific optical appearance. 2D photonic crystals in biological systems are much less prevalent than those with 3D periodicities and are associated with some avian feathers [74] , mammalian eyes [75] and marine creatures [76, 77] . The plumage of male Peacocks contains many differently coloured iridescent feathers. Their colours arise from 2D photonic structures made from arrays of melanin rods connected by keratin within the feather barbules (see Figure 7A and B) [74] . The diverse colours reflected by the different feathers are determined by lattice constant [78] . In another example of a 2D photonic crystal in avian feathers the barbules of black-billed magpies exhibit a structure that has a lattice of holes within a chitin matrix [79] .
The iridescent multicoloured cylindrical spines of the polychaete worm, Pherusa sp, comprise a 2D photonic crystal that has an optimised hexagonal packing arrangement of hollow cylindrical channels in a chitin medium (see Figure 7C) . The hexagonal order is limited to monocrystalline domains of different orientation resulting in an overall polycrystalline effect. The structure is tuned with respect to lattice constant and packing fraction so that its response is optimised [77] . The sea mouse, Aphrodite sp, also a polychaete worm, contains a similar hexagonal close packed arrangement of channels [76] .
3D periodic biological structures are more common than 2D examples. They are present in the scales of many butterflies and beetles and in the feathers of some birds. The way in which these structures are fabricated is not well understood in all cases, but some are believed to use the dynamic self-assembling processes associated with lipid-bilayer interactions [80, 81] .
Photonic systems with gyroidal crystal structures are found in Papilionid and Lycaenide butterfly scales. The scales of the Parides sesostris butterfly, for instance, contain intra-scale domains of the gyroidal photonic crystal [42] with varying crystal domain orientations, as shown in Figure 8 . The pointillistic multicolour contribution of differently oriented domains results in a colouraveraging effect that produces an angle-independent overall green colour [82, 83] . Extensive modelling of the electromagnetic responses of the P. sesostris' gyroid structure has shown that it has a filling fraction optimised to maximise the reflected bandwidth for light incident normal to the structure [84] . The photonic structures present in the scales of another butterfly, Callophrys rubi, also appear to have an optimised filling fraction [83] .
Other biological photonic crystal geometries have been found. The diamond photonic structure is considered a special case due to it being the most isotropic periodic structure of the more commonly encountered crystal classes [85] . The multi-domained photonic crystal in the weevil Lamprocyphus augustus, was the first discovered example of this (see Figure 9 ) [86] . Despite the limited RI contrast between chitin and air that form its system, there is a cumulative PBG at green wavelengths for different crystal planes. The diamond photonic crystal arrangement has also been discovered in the scales of other beetles [87] .
Another beetle-based example of photonic crystals demonstrates the contrasting optical properties of highly ordered 3D structures versus quasi-ordered 3D structures. Eupholus magnificus exhibits two differently coloured bands (see Figure 10A ) across its elytra, one of which is metallic in appearance due to highly specular reflection from ordered structure. The second coloured band is less intense and results from a more diffuse reflection from less ordered structure. Analysis of the associated scales shows that this difference arises from the 3D arrangements of cuticle within the scales shown in Figure 10B and C [88] . The coexistence of these two contrasting forms of 3D structural order in the same species is uncommon in biological systems.
Iridescent scales in butterflies
Although Morpho butterfly photonics will be described in detail, it is useful first to compare their structures to the broad array of other types of photonic systems in Lepidoptera. The structural colour of lepidopteran wings is primarily due to the micro-and nano-structural elements present within their wing-scales. These scales are formed from insect cuticle, which is also used for mechanical functions such as armour and body structure [89, 90] . The morphology of scales is complex. They are formed by the secretion of cuticle from an epithelial cell on the wing substrate, for the formation of a scale, bristle or hair the cell extends a protrusion, shapes it appropriately and secretes cuticle around the entire surface [91] . Details of scale structure and formation are elucidated elsewhere [90, [92] [93] [94] .
A generic lepidopteran scale has longitudinal ridges that extend down its length. These are often connected by a series of supporting arches, or crossribs. Fine structures, such as lamellae and microribs, can be located on the ridges [90] . Further structures, that are sometimes highly periodic in 2D or 3D, may also be found between the ridges and the lower lamina of the scale.
The scales that are structurally coloured can be broadly classified based on the type and location of the optically reflecting and scattering elements within them. The classification has been loosely divided into three types. Type I scales comprise multilayer structures on the scale ridging. Type II scales have multilayered, or 1D periodic, structure within the scale body. Type III scales have 3D periodic structure within them, or other and more hierarchical pairings of structural designs. Figure 11 schematically represents the basic scale designs and indicates the location on or within the scale of the periodic structure [95] . The scales of the Morpho butterfly exhibit Type I scales.
Overview of colour production in Morpho butterflies
The Morpho (Lepidoptera: Nymphalidae: Morphinae) is a genus of large tropical butterflies that inhabit lowland forest and montane regions of Central and South America [96] . The genus contains many species and subspecies, with some variety in colour appearance and scale type [97] . For the purpose of discussing their visual appearance they can be divided into four groups, namely brownish Morphos, bright blue Morphos, chalk-white Morphos, and gloss-white Morphos [96] . The conspicuous appearance of bright blue Morpho butterflies ( Figure 12A and B) has placed them among the most widely studied and collected butterfly species. The naturalist H.W. Bates remarked upon the dazzling lustre and blue flashes of the Morpho rhetenor that could been seen from "a quarter of a mile off" [98] . Its bright iridescent colour is believed to enable long-range conspecific communication [99] .
Structural colour in bright Morphos has been known for over a century. Its dorsal wing surfaces are imbricated with Type I iridescent scales [60] . The ventral wing surfaces often appear dull brown with melanin pigmentation. Morpho rhetenor is a well-studied example of a bright blue Morpho; its appearance and wing-scale structure are shown in Figure 12 .
Since 1999, there has been broad interest in the investigation of the structural colour of Morpho butterflies. Before this, most understanding came from observations of Mason and others, on the biological materials present in the scales, and from low quality images obtained through early optical and electron microscopy. More recently, many thorough investigations have used high magnification electron micrographs and rigorous optical measurements, with parallel theoretical analyses, to explain the striking appearance of these insects.
Knowledge that butterfly wing-scales are the colourcentres from which their overall wing appearance arises was developed some time ago. However, such wings are adorned with tens of thousands of scales, many of which overlap partially, are tilted spatially with respect to each other and have inherent small structural variability (see Figure 12C and D). These factors complicate the optical response from the wing and render it difficult to deconvolve and identify the photonic role of individual structural elements from the whole wing. Early experimental optical studies on Morpho and other lepidopteran wings comprised recording of reflection spectra from wing samples using large diameter optical beams. More recent studies, however, have led to a significant improvement in understanding these systems by direct optical interrogation of their individual constituent photonic elements.
Single isolated butterfly scales' photonic properties were first described from experimental measurements on two species of Morpho butterfly [60] . These two Morpho species are bright blue in colour but rather different in their visual appearance: M. rhetenor is brilliantly intense and metallic blue in appearance ( Figure 12A ), whereas M. didius reflects a much more diffuse blue colour (see Figure 12B ). Scanning and transmission electron microscopy (SEM and TEM) reveal both Morphos exhibit a layer of Type I scales next to their dorsal wing substrate, referred to as ground scales (see Figure 12E-H) . M. didius also exhibits a second layer of additional near-transparent scales, referred to as cover scales, that completely overlay the ground scales (see Figure 12F) .
Absolute angle-and polarisation-resolved measurements of optical reflection and transmission from single scales, detached from Morphos' wings, reveal striking differences in the scattering properties of each species' scales. M. rhetenor's brightly coloured ground scales reflect 75% of the intensity of incident blue light [60] . This is a remarkably high value considering the factors discussed in Section 2; namely, the relatively low RI contrast of the system's periodic structure, the melanin content of the scales that leads to broadband absorption, the incomplete occupancy of the lamellae and imperfections in the precise periodicity of the structure. Additionally, scattering from individual M. rhetenor ground scales is diffusely spread in angle into two broad lobes. M. didius ground scales do not show this scattering pattern. At the whole-wing level the effects of multilayer interference are demonstrated by the reflected blue colour. The individual optical contribution of the cover scale, the ground scale and the wing substrate, however, cannot be separately discerned. An advantage of the single scale measurement approach is that specific scattering mechanisms can be attributed directly to intra wing-scale structures. For instance, strong diffraction can be recorded in transmission through isolated cover scales of M. didius. This is not discernable directly from reflection data taken from M. didius' wings which themselves are adorned with such cover scales.
These optical observations arise due to the nature of Morpho wing-scales' structures. Their cross-sections reveal the discretised multilayer units comprising periodic lamellae of alternating cuticle and air layers (see Figure 12E ). An individual multilayer unit exhibits a characteristic tapered shape as well as an asymmetry of lamella positioning around its central stem. This not only reduces the effective multilayer occupancy, but gives rise to its characteristic bi-lobed angle-distribution of optical scatter.
The observed differences between the absolute reflectance of blue light from the ground scales of M. rhetenor and M. didius are due to the differing number of lamellae present in each species' discretised multilayer unit; there are 9-11 lamellae in M. rhetenor ( Figure 12G ) and 6-8 lamellae in M. didius ( Figure 12H ) [60] . Diffraction by the cover scales of M. didius is the underlying reason for the key difference in visual appearance between M. didius and M. rhetenor. This creates significantly greater diffuse scattering in reflection for M. didius, due to the broader angle-spread associated with diffraction of both incident broadband light and the blue light reflected from the ground scales. This cover scale serves as a selective and isotropic diffuser of blue light in order to distribute reflectance over a wider range of solid angles [100] . The absence of such cover scales in M. rhetenor leads to a greater degree of specular reflection and the more metallic blue appearance of the species. Structural irregularity is another contributing factor to the observed wide-angle distribution of light scattered from Morpho scales. A simple diffraction model indicates that irregularity in the heights of the ridges within the scale results in its observed wavelength and angle-dependence. The reflected light may be described by an incoherent sum of diffraction arising from the discrete multilayered units [101, 102] .
The saturation of the colour appearance of Morphos is not solely attributable to structural colour. The localisation of melanin content throughout the ground scales leads to an enhancement of the saturation of blue reflection due to the absorption of complementary wavelengths. This reduces backscatter from the underside of the wing membrane and ventral wing-scales [101] . The contrast in a TEM image of a Morpho ground scale generally shows heterogeneous greyscale gradient through the photonic structure [103] . This greyscale contrast strongly implies the presence and extent of melanin content in a scale due to the differential uptake of heavy-metal stains during the TEM sample preparation process [64] . Optical modelling appears to confirm the role and presence of absorbing pigment in these systems [64, 103] .
The absence of melanin in what would be an otherwise highly reflective Morpho ground scale leads to a significant desaturation of the blue reflection [102] . The bright blue wings of M. cypris, for instance, exhibit small regions of wing, in patches and in stripes, which do not contain any melanin. Non-absorbed light that is then scattered between the disordered interfaces of structural components in the dorsal scales, ventral scales and wing substrate in these regions results in their bright white appearance [73] . Other biological structures achieve whiteness through the broadband scattering of light from disordered and pigment-free sub-wavelength structures, some of which are highly optimised for brightness [11, 104, 105] .
Penetration of the wing, or an isolated scale, by a wetting fluid such as alcohol, leads to strong modification of the interference conditions. Use of a fluid of RI close to that of water produces a bright green reflection [60] . If the fluid's RI more closely matches that of the cuticle itself, however, then index-matching processes remove any strong scattered intensity or colour. When a system is fully index matched by a fluid the measurements of light transmitted through it can be used to quantify the absorption arising from the melanin content within the scale [60] . Alternative theoretical approaches, such as the effective medium model, can be employed to fit simulated reflectance to measured reflectance to obtain the complex refractive index of the insect cuticle [106] .
The complexity of the Morpho structure, comprising discrete units of multilayering and a degree of biological noise in its periodicity, renders it very challenging to model accurately. While straightforward optical multilayer theoretical approaches, described in Section 2, offer a basic means to quantify reflection from Morpho scales, they are limited. More sophisticated modelling approaches, which are able to cater for such hierarchical periodicities and multi-dimensional structures, are required to meet the challenge of describing and understanding these systems more accurately. The more successful of these approaches include finite-element method (FEM) modelling [107] and finite-difference time-domain (FDTD) techniques [108] . They both involve the schematic representation, in either 2D or 3D, of the Morpho multilayer reflecting unit or a series of these units, simulating optical illumination at a set angle or polarisation, then solving Maxwell's equations to obtain reflectance and transmittance information.
Simple Morpho geometries for use with FDTD techniques usually feature the characteristic discrete tree-like units comprising rectangular dielectric blocks. These are geometrically arranged to mimic the distribution of the lamellae associated with Morpho scales. Numerical calculation of the hemispherical scatter from such simplified 2D geometries demonstrates the spectral dependence of the tapering and asymmetry of lamellae within the structures [109] [110] [111] . 3D FDTD models can help explore the effect of changing the alignment and offset of lamellae on the luminance and colour of scattered light [112, 113] . It also provides more scope with which to study the variation of a broader set of geometric parameters of more realistic Morpho-like structures. Using non-standard-FDTD enables some incorporation of small irregularities in the heights of the discrete multilayer structures relative to one another [114] . The discrete nature of such multilayer units, with some height variation, modifies the angular distribution of reflection and enhances the wide-angle reflection for shorter wavelengths [114] . Once this optical data is calculated, it can be used to generate the bidirectional reflectance distribution function [115] for an idealised the Morpho system, for which good experimental data exists [116] . This theory can then lead to remarkable graphical rendering of photo-realistic Morpho wings [117] .
Morpho-related bioinspired applications
Nature provides a suite of designs for bioinspired applications. The plant Arctium, commonly known as burdock, inspired one of the best known and commercially realised applications. The hooked tips of the barbs on its seed burrs catch effectively on the loops provided by animal fur or human clothing, thereby acting as a good means for dispersal. The mechanism associated with this adhesiveness led to the design and manufacture of Velcro ™ [118] . Structurally coloured animals and plants continue to inspire a number of technological and industrial applications. Brilliant whiteness in the thin elytral scales of Cyphochilus beetles, achieved at very low material cost, elicits interest in the development of optimised paper coating technology [11, 119] . Biological antireflection protocols, at work in some of the transparent wings and ommatidial eye surfaces of Lepidoptera, form potential templates for improving photovoltaic efficiencies [120, 121] . Advanced fabrication techniques have enabled the manufacture of stretchable iridescent fibres inspired by the design and colour appearance arising from multilayer structures found in certain tropical plant seeds [122] .
Interdisciplinary scientific interest in the colour appearance of Morpho butterflies appears to have led to advances in several specific applications in areas such as textile, reflectors, cosmetics, and in sensing. Morphotex ® , was the first example of a synthetic bioinspired textile. The iridescent appearance of the cloth is produced by pigment-free fibres comprising a multilayer core structure made of alternating polyester and nylon layers [123] . Control of layer thicknesses in each fibre tunes the fabric colour appearance and the absence of dye renders it extremely colourfast.
The ability finely to control multilayer structure fabrication in more complex geometries enables technological mimicry of the desirable colour appearance exhibited by butterflies such as Morpho. Specially tailored layerby-layer deposition of dielectric material can be used to produce flexible multilayer thin film dielectric reflectors that display remarkable bright and angle-independent reflection similar to that exhibited by Morphos [124] . Such reflectors have wide-ranging applications in reflective displays, packaging, and advertising.
Pigment-free cosmetic products rely on structural colour centres as the source of the appearance they generate. Mica-based and silica-based systems incorporating periodic polymer networks are used to generate coherent scattering in photonic cosmetic applications. This basis of colour generation leads to a different appearance aesthetic compared to that associated with pigment-based cosmetics. The design of these products is closely linked to inspiration from butterflies such as Morpho [125] , see Figure 13 .
Colour reflections from Morpho wings exhibit sensitivity to the presence of chemical vapours. This arises largely because of the open access to air-spaces between the lamellae that form its reflecting elements, and the formation of thin layers of adsorbate around these lamellae. In this way, Morpho butterflies' photonic structures offer bioinspired protocols for chemical vapour sensing [126] . By measuring change in reflectance upon exposure to low concentrations of different chemicals, the Morpho scale structure serves as a natural transducer of the chemical signal. Analysis of reflectance demonstrates sensitive and selective optical response to various low-weight organic vapours including alcohols and water. A schematic of this technique is shown in Figure 14 . The colour reflectance response of Morpho wings also offers sensitivity to mid-wavelength infrared radiation. Thermally-induced reflectivity changes give rise to detectable visible-range colour shifts [127] . While these are interesting avenues of bioinspired exploitation, they appear to serve no discernable biological function to the animal itself, unlike for example, the humidity-induced colour change observed in Dynastes hercules beetles, that is providing new inspiration for humidity sensing applications [128] [129] [130] .
Summary and outlook
Here, we have been reviewing aspects of biological photonics. In doing so, we have elucidated some of the properties of photonic crystals, particularly with respect to 1D multilayers. We have summarised several key properties of such multilayers, describing the way in which their physical characteristics and material properties can influence their interaction with light. We have summarised the nature of multilayers and some of the higher order periodic structures found in biological systems, principally with respect to insects, and we have particularly focused on presenting more detail on work relating to the Morpho butterfly. This is a well-studied species that has a striking structurally coloured bright blue appearance arising from a distinctive and somewhat hierarchical periodic structural origin. Its optical design is one of now many organisms that have inspired technological directions for use and exploitation, and some of these are discussed near the end of this review. In biological systems, the optical cause and effect that is associated with the capability of periodic structures to manipulate light, thereby giving rise to distinct optical appearances due to tailored colour and polarised light reflection, are now the subject of genuine interdisciplinary scientific interest. Achieving precise understanding of the mechanism with which an exotic-looking animal or plant derives its intense saturated colour, its deep black or brilliant white appearance, or possibly even its dramatic linear or circular polarisation signature, can be an eminently exciting and scientifically rewarding process. From the perspectives of evolutionary diversity, behavioural biology and general zoology, materials science, mainstream optics and photonics, self-assembly chemistry and bioinspired technology, the study of light and colour manipulation in biological systems is yielding rich reward.
Among several ongoing grand challenges in this field, two merit discussion here. Firstly, despite models and descriptions earlier in this review relating to light manipulation and colour generation using precise periodicities in refractive index, it is clear that even the most ordered biological systems are not faultlessly periodic. The extent of variation in the refractive index periodicity of structurally coloured animals and plants has a broad range, from well-ordered to quasi-ordered to genuinely disordered. However, a perfectly periodic biological reflector does not exist. Even in animal examples where it might be argued that the fabrication of very high-quality structural periodicity is approached, or attempted say, there is still a discernable degree of variation. This can be attributed to what might be described as fabrication noise, or in this sense a biological noise, associated with the formation processes.
Some brightly coloured species appear to make use of a significant degree of periodicity variation, often employing quasi-ordered structural geometries. These exhibit the expected optical properties of higher angle-spread and lower intensity in reflection, which contrast to those of species comprising more periodic structural integrity. The fact that some species, for instance M. rhetenor described in detail in this review, can tolerate a large degree of variation in the structural periodicity of their reflectors, and can still create an intense and functionally-efficient photonic system, is remarkable. Technological photonics have lessons to learn when it comes to such notable fault tolerance with respect to fabrication of optical reflectors, components and even devices. Further study of the cost and benefit of photonic structure fault tolerance in biological systems will enable cost-saving modifications to the approaches and processes used in technological photonic design and fabrication.
The second challenge for future work relates to gaining a better understanding of the natural processes that lead to the formation of biological photonic systems. Currently, very little is known. Although some selfassembly models and physical processes, for instance those described as being responsible for the formation of gyroidal 3D photonic crystals in some butterflies, provide some insight, there is much left to learn and understand. A photonic engineer of the future could well benefit from the ability to recreate many of these processes in a synthetic environment. At a more fundamental level, little is yet well understood about the genetic information in the sequences of insects, birds, fish and plants that codes for structural colour in their integument, scales, feathers and leaves. Knowledge of this information, and the ability genetically to control or make use of such a structural colour gene, will bring biological photonics science into a very new age.
